The electronic structure and thermoelectric properties including lattice thermal conductivity of ZrRuTe, p-type ZrTcxRu1−xTe and n-type ZrRu1−xRhxTe (x=0.125) are studied using density functional theory (DFT) and Boltzmann transport formalism. The electron relaxation time for the undoped compound is estimated rigorously from electron-phonon interactions computed using Wannier wavefunctions. We find the undoped compound to have a high power factor of 1.12 × 10 −3 Wm −1 K −2 s −1 and a low lattice thermal conductivity of ∼ 10 Wm −1 K −1 at 800 K which are comparable or even better than some of the known good thermoelectric materials. Our calculations show ZrRuTe to be a promising thermoelectric material with a high ZT value of 0.08 at 800 K for the undoped compound. The thermodynamic, electronic and transport properties of the material are thoroughly studied and discussed.
I. INTRODUCTION
Thermoelectric (TE) devices hold great promise in technological applications in today's world as it can act as clean sources of energy converting waste heat into electricity as well as robust devices in refrigeration technology to transfer heat from a cold to hot reservoir 1, 2 . The chief drawback of these devices has been their low efficiency. Current research in this area are intensely focused on finding new materials with high thermoelectric efficiency 1,2 , a quantity which is measured by the figure of merit (ZT),
The quantities S, σ, and κ e are Seebeck coefficient, electrical conductivity and electronic thermal conductivity, respectively and are related to the electronic contribution to the transport phenomena. T is the absolute temperature and κ l is phonon contribution to thermal conductivity called lattice thermal conductivity. The problem in getting a high ZT value is all the above quantities are interrelated and can't be optimized independently. Various routes have been explored over the years to enhance ZT, such as reducing lattice thermal conductivity by increasing phonon scattering by using the technique of doping [3] [4] [5] , nano-structuring 3, 6 , alloying without significantly changing the electronic contribution to the transport properties. Also several different classes of materials such as Skutterudites 7 , PbTe 8 , SnSe 4,9 , Bi 2 Se 3 , Bi 2 Te 3 10 has been identified where ZT values are inherently higher. The Half-Heusler (HH) compounds have been one of the primary target material in this regard with great potential especially for high temperatures themoelectric applications [11] [12] [13] [14] . These materials also posses several favorable properties such as good thermally and mechanically stability, absence of toxic elements, ecofriendly properties etc.
The HH compounds have the general composition of XYZ where X, Y are transition metals and Z is a main group element. In the band structure of HH, a strong d hybridization between the X, Y transition elements and d-p hybridization between Y, Z elements occur, all of which are responsible for opening a bandgap at Fermi level. Localized d orbitals give flat band-edges producing low mobility and high Seebeck coefficient whereas s, p orbitals give high electrical conductivity. The carrier concentration, the degeneracy of bands, the density of states and the effective mass near Fermi level, all form the controlling factors in determining the thermoelectric properties of these materials. There are several compounds in the HH group which have already been studied and reported to have a high power factor. This includes n-type MNiSn-based compounds, ptype MCoSb-based compounds (M=Ti, Zr, Hf) 15 , ptype FeNbSb-based compounds 16 , p-type NbInSn 17 and LnPdX (X=Bi, Sb). For instance, FeNb 1−x Hf x Sb is reported to have a high ZT value of 1.5 at 1200 K and a high power factor of up to 5.5 × 10 −3 Wm −1 K −2 at 800 K 18, 19 , whereas for Zr 0.5 Hf 0.5 NiSn 0.99 Sb 0.01 20 the reported value of ZT is 0.5 at 800 K and power factor is 3.5 × 10 −3 Wm −1 K −2 in the temperature range of 675-875 K. Despite the high power factors of HH, their demerit has been the high thermal conductivity. For example, total thermal conductivity κ (in units of Wm −1 K −1 ) of FeNb 0.88 Hf 0.12 Sb is 4 at 1200 K 18 and that of Zr 0.5 Hf 0.5 NiSn 0.99 Sb 0.01 is 6 at 800 K 20 . These values are relatively much higher than typical thermoelectric material like Bi 2 Te 2.3 Se 0.7 for which κ is 1.2 at 500 K 5 and hole doped SnSe with κ of 0.55 at 773K 4 . However, what offers a great possibility is the fact that the HH family comprises of thousands of possible compounds and provides an ample search space for the potentially best thermoelectric candidate materials many of which are still unexplored.
In this work, we study the equilibrium and thermoelectric transport properties of ZrRuTe-based compounds in details using ab-initio methods. The compound have a total valence electrons count of 18 and have 4d the transition elements whose d-orbitals are comparatively less localized than 3d-group elements. We determine the stable structure from phonon dispersion and the electronic structure using density functional theory (DFT) and then compute the thermoelectric transport coefficient within the semiclassical formalism described by the Boltzmann arXiv:1912.03883v1 [cond-mat.mtrl-sci] 9 Dec 2019 transport equation (BTE). We examine undoped ZrRuTe as well as a hole-doped ZrTc x Ru 1−x Te and an electrondoped ZrRu 1−x Rh x Te system (where x = 0.125) and discuss their equilibrium and thermoelectric properties thoroughly. We find that unlike undoped ZrRuTe which is a semiconductor, both the n-type and p-type compounds undergo semiconductor to metal transition as temperature increases. The lattice thermal conductivity shows the Umklapp 1 T behavior at high temperatures indicating a dominant phonon-phonon scattering mechanism. The thermopower of the compounds are found to be much higher compared to similar other compounds in this category. For undoped ZrRuTe, the ZT value is found to be 0.08 at 800 K which much higher than undoped TiCoSb, ZrCoSb, and HfCoSb at 973 K 21 . Overall we find the material to be a promising system for thermoelectric applications.
The rest of the paper is organized as follows. In section II, we give the computational details, and in section III, we discuss the electrical transport coefficients and lattice thermal conductivity.
II. COMPUTATIONAL DETAILS
The half-Heusler compounds that we study here are undoped ZrRuTe, hole-doped ZrTc x Ru 1−x Te and electron-doped ZrRu 1−x Rh x Te (x = 0.125).
The electronic structure is determined using density functional theory (DFT) as implemented in the QUANTUM ESPRESSO package 22 . First, we performed geometry optimization by variable cell relaxation followed by relaxing the crystal structure with fixed cell volume. For the optimized crystal structures, we did SCF calculations by taking a Monkhorst-Pack k-mesh of size 8 × 8 × 8 and energy cutoff of 50 Ry for ZrRuTe and ZrTc x Ru 1−x Te. The electron doped system converged with larger k-mesh of 12×12×12 with energy cutoff of 60 Ry. We did the band structure calculation along high symmetry paths with the same parameters as for SCF. To calculate the density of states, SCF calculation followed by NSCF calculation were done with large k-mesh size of 20 × 20 × 20 with tetrahedra smearing for ZrRuTe and ZrTc x Ru 1−x Te compounds. The same is done for ZrRu 1−x Rh x Te compound with increased k-point mesh of 24×24×24. Convergence threshold for the self-consistency of 10 −8 Ry is taken for all three compounds. We used Perdew-Zunger (LDA) exchange correlational functional with Rappe Rabbe Kaxiras Joannopoulos (ultrasoft) pseudopotential.
The phonon calculation needs both DFT and DFPT calculation which we did on 4×4×4 q-mesh with a threshold value of 10 −14 for self-consistency for phonon calculation, followed by the SCF calculation on Monkhorst-Pack k-point mesh of 2 × 2 × 2 with 'conv-thr' of 10 −12 and energy cutoff of 40 Ry. We took a convergence threshold of 10 −10 (a.u) on the total energy and 10 −8 (a.u) on the total force for ionic minimization. The electronic transport coefficients are calculated using the semiclassi-cal BTE formalism in constant relaxation time approximation (RTA) implemented in the BoltzTrap 23 package. The lattice thermal conductivity is calculated using the ShengBTE 24 package. The ShengBTE code needs three input files -the 2 nd order interatomic force constant (IFC), the 3 rd order IFC, and geometry and internal input, which includes information about interpolation. The 2 nd order interatomic force constant is calculated using DFPT technique 25, 26 by calculating the dynamical matrix. The third-order aharmonic IFC is calculted upto 4 nearest neighbors using the finite difference method 24, 27 to solve the third order derivative of energy with respect to displacement. Here a supercell of size 2 × 2 × 2 having 192 atoms is used to create displacement. This step is computationally very demanding requiring handling of several hundreds of the computer generated files. The lattice thermal conductivity calculation is done on 10 × 10 × 10 q-point grid with scale broad (gaussian broadning) of 0.01.
A crucial quantity in the study of transport properties is the electron relaxation time τ . Accurate estimation of τ is very hard as theoretically one has to make various approximations and numerical computation is very expensive. The BoltzTraP package gives the electronic transport coefficients only in units of τ . To estimate ZT which needs the value of τ , the usual practice is to supply it from experimental data or to estimate it in an adhoc basis. Here we make an ab initio calculation of τ using the EPW package 28 which computes the electron-phonon scattering rates using DFPT and maximally localized Wannier functions (MLWF) 29 . Using the EPW code, we compute the electron-phonon scattering rate Γ F M i, k and from the imaginary part of the Fan-Migdal electron self-energy as Γ F M i, k = ( 2 )Im F M i, k and then relaxation time as
III. RESULTS AND ANALYSIS
A. Crystal structure
Half-Heuslers have F-43m space group of XYZ composition where elements X and Z form XY 4 and ZY 4 tetrahedra structure in the nearest neighbor coordination ( Fig. 1 ). Each Y atom lies at the center of an X 4 Z 4 cube forming YX 4 and YZ 4 tetrahedra. Thus all the three positions 4b (1/2, 1/2, 1/2), 4c (1/4, 1/4, 1/4) and 4a (0, 0, 0) of XYZ have T d symmetry 30, 31 . It may be mentioned that both formula XYZ and YXZ are equivalently used in literature, but the exchange of position of atoms in actual crystal structure matters as they show different semiconducting, semimetallic or metallic states. We optimized both possible structures ZrRuTe and RuZrTe and chose the most stable structure ZrRuTe which we are reporting to be a semiconductor. We find the distance between nearest-neighbor atoms to be √ 3 4 a and that between next nearest neighbor atom to be ∼ 15.47% larger. The lattice parameter (a) is calculated to be 6.2107Å using LDA. A very tiny change in the lattice parameter is seen on the substitution of Ru atoms with Tc or Rh atoms. This change is positive of 0.0036Å for Tc substitution and negative of 0.0042Å for Rh substitution. To ascertain the thermodynamical stability, we investigate the phonon spectrum of the compound and indeed find no negative frequency mode in it, as shown in Fig. 2 . The maximum frequency obtained is 8.56 THz for the optical mode, which is comparable to ZrCoSb 32 . This implies that the bonding is as strong as that in ZrCoSb. At Γ point there are three degenerate regions, one acoustic and two optical regions of lower and higher frequencies.
In all the three regions, the transverse modes are doubly degenerate. There exist small LO-TO splittings of 0.057 cm −1 in high-frequency region and of 0.0569 cm −1 in low-frequency region due to non-analytic nature of the dynamical matrix in the limit q → 0 resulting from the long-range nature of Coulomb interaction in polar materials. Remarkably this splitting at high frequency is much smaller than the value of 50 cm −1 reported for ZrCoSb 32 . The TA modes and high frequency TO modes remain degenerate along Γ−L, but the two low frequency TO modes get split by 0.97 cm −1 at L. On the other hand, the double degeneracy of high frequency TO modes is broken along Γ−X. Down in the lower energy region near L, a band touching is seen between the LA and TO modes corresponding to frequencies 174.6688 cm −1 , 174.5569 cm −1 and 174.5461 cm −1 indicated by the circle in Fig. 2 . This behavior plays a significant role in determining the thermal transport properties 33 of the ZrRuTe compound.
C. Electronic structure analysis
In HH compounds, all the three atoms have T d symmetry in the first coordination sphere and octahedral sym-metry in the next. Here we shall focus on only nearestneighbor interactions and neglect the next nearest interactions which because of its multipole electrostatic nature falls very sharply with distance. The tetrahedral point charge crystal field interactions between Zr and Ru, and hybridization between the s and d orbitals lead to the formation of approximately closed shelled Zr 4+ (4d 0 5s 0 ) and Ru 4− (4d 10 5s 2 ) ions. This happens because the electronegativity of Zr atom (1.33) is much smaller than that of the Ru atom (2.2) which allows the shared electrons to surround the Ru atom more compared to the Zr atom. Now there is a strong coordinate-covalent interaction between the Ru 4− ion and four Te atoms thus reducing the three atom system to effectively a two atom (Ru 4− ion-Te atom) system. The schematics of interactions of the symmetry allowed orbitals of Ru 4− and Te are shown in Fig. 3 . The molecular orbitals are filled with electrons according to Hund's rule and we get a closed-shell MO electronic configuration (a 2 1 t 6 2 e 4 t 6 2 ) with 18-valence electrons for (RuTe) 4− which form a zinc blende structure 31 .
The contribution to the density of states (DOS) from orbitals of each atom is shown in Fig. 4 and the band structure in Fig. 5(a) . The DOS around −12 eV to −13 eV (not shown in figure) mainly comes from Te-5s orbital of symmetry a 1 . In the energy range of −6.1 to −3.8 eV, a substantial contribution comes from Te-5p and lesser from Ru-4d and Zr-4d orbitals of t 2 and e symmetries. Despite the strong hybridization of orbitals, an energy gap of ∼ 1 eV from around −3.8 to −2.8 eV manifests due to the tetrahedral e-t 2 splitting. The valence band (−2.8 to 0 eV) which comes mainly from Ru-4d orbitals also contain significant contributions from Zr-4d and Te-5p orbitals of t 2 symmetry. Near the valence band edge, the quadratic like dispersing bands comes from the p-orbitals of the Te atoms. Whereas the d-orbitals of Ru and Zr dominate flat band dispersion around the energy of −1.5 to −2.3 eV. In Figs. 5(b) and 5(c), we show the band structures of the system doped with n and p-type impurities, respectively. The doping lifts some of the degeneracies at high symmetry points due to lowering of the crystal symmetry by the presence of impurity atoms. 
D. Electrical transport coefficients
In this section, we discuss the electrical transport properties of the material. We use the Boltzmann transport equation (BTE) formalism in conjunction with the DFT to calculate the transport coefficients. Within the formalism, the Seebeck coefficient S αγ , electrical conductivity σ αγ , and the electronic thermal conductivity κ e αγ are given by, 23
where α, γ are tensor indices. Ω, µ, and f are respectively the volume of the unit cell, chemical potential, and the Fermi-Dirac distribution function in local equilibrium. The transport distribution function tensor is defined as
where k is the wave vector and i is the band index. N is the number of k points sampled, τ is the carrier relaxation time and ϑ γ is the carrier group velocity along γ direction,
The BoltzTrap package is used to compute the electrical transport coefficients give the values in terms of relaxation time τ . Thus to know the absolute values, one must calculate the relaxation time as well, accurate computation of which is a highly non-trivial task. To estimate τ , one often resorts to simplistic approach like deformation potential approximation 34 or use experimental results for similar compounds to infer its value 15 . Instead, here we estimate the value τ rigorously by calculating electronphonon interactions using the Wannier wavefunctions implemented in the EPW code 28 . The EPW scheme calculates the electron mobility in self-energy relaxation time approximation using 35 ,
where i is the band index, n e is the number density of electrons, Ω BZ is the volume of the first Brillouin zone. ε i, k is the single electron eigenvalue and τ i, k = ( 2 Im FM i, k ) −1 is the carrier relaxation time. The relaxation rate is given by where ω qν is the phonon frequency, q is the phonon wave vector, ν is the branch index, n qν is the Bose-Einstein distribution function, FM i, k is the Fan-Migdal electron self-energy and g jiν ( k, q) is the probability amplitude for scattering from an initial electronic state |i k to final state |j k + q via a phonon |ν q . A similar equation as Eq. (7) can be obtained for holes as charge carrier.
Here we use the above EPW scheme to compute the carrier mobility and relaxation time for the undoped system ZrRuTe. For the doped systems, however, the computations are too expensive and hence direct estimation of τ is not done for these systems. The calculated values of mobilities and average relaxation timeτ for undoped ZrRuTe is given in Table. I.
Having estimated the relaxation time, we proceed to calculate the other transport coefficients and show the results in Fig. 6. Fig. 6(a) shows that σ increases with temperature showing the semiconducting behavior of undoped ZrRuTe. Temperature dependence of σ fits the curve
with a = 6.13 × 10 −1 . The hole doped system shows ∼ 4.3 times more electrical conductivity than undoped ZrRuTe retaining the p-type semiconducting state with a reduced band gap of 0.8 eV. The variation of σ with temperature follows the relation
with a = 1.93 × 10 −1 and σ 0 = 6.31 × 10 4 . We found that n-doped compound have different electrical behavior compared to the previous two. The ndoped ZrRu 1−x Rh x Te shows semiconducting trend up to T = 370 K but metallic behaviour beyond. This is not new as some other compounds like ZrCoSb and HfCoSb also found to show similar behaviour 15, 21, 36 . In metallic region, the conductivity obeys the empirical relation, σ aT
with a = −2.9228 × 10 −4 and σ 0 = 9.7768 × 10 4 (Ωm) −1 .
Next Fig. 6(b) shows the thermoelectric power S as function of T . It shows that the value S for undoped ZrRuTe at 800 K which is ∼ 250 µVK −1 , is nearly twice than that of TiCoSb 21 and nearly equal to the value for doped ZrCoSb at 1000 K 15 . This value also compares well with the estimates for similar HH compounds 37,38 . [18] [19] [20] . The capacity to transfer heat by charge carriers and phonons in the thermoelectric material is one of the major challenge to overcome. Here, Fig. 6(d) shows the electronic part of the thermal conductivity. Our analysis shows that lattice part of thermal conductivity dominants the electronic part of the thermal conductivity in the HH compounds. The values at 800 K for undoped, n-type and p-type compounds are ∼ 1.1, 1.4 and 1.9 Wm −1 K −1 s −1 , respectively. High carrier concentrations give the larger electronic thermal conductivity in the doped systems. Some further analysis shows that the results for the material does not follow the Wiedemann-Franz law, κ e = LσT where L is the Lorentz number. For instance, κ e /σT for the undoped ZrRuTe is 1.26L at T = 50 K, while it is 1.48L at T = 800 K.
E. Lattice thermal conductivity
The calculation of lattice thermal conductivity κ l is computationally very expensive. Here we have computed κ l for the undoped ZrRuTe while the limited computational resource prohibits us in doing the calculations for the doped systems. For ZrRuTe, κ l calculated using the ShengBTE package 24 gives values 9.83 based on RTA and 9.97 after full iterations (in units of Wm −1 K −1 at 800 K). This is nearly equal to the lattice thermal conductivity of ZrCoSb and TiCoSb at 700 K 21 . Considering the lattice thermal conductivity as the thermal conduction of phonon gas, the kinetic formula for κ l is given by,
where C v is lattice heat capacity per unit volume,v is average speed, l ph is mean free path. The lattice specific heat per unit volume in harmonic approximation follows the Dulong-Petit law at high temperatures and the Deby T 3 law at low temperatures. The Deby temperature Θ D is equal to half the temperature at which the specific heat in harmonic approximation reaches Dulong-Petit value. Based on this fact, the value of Θ D is estimated to be 90 K. Our calculation of the lattice thermal conductivity in the temperature range of 90 K to 800 K (T > Θ D ) follows the Umklapp process of 1 T variation as shown in the inset of Fig. 7 . This is expected from the kinetic formula in Eq. 12, as C v andv are constants at high temperatures and l ph varies as 1 T . At low temperatures (T Θ D ), as the inset in Fig. 7 shows, κ l does not follow the T 3 Debye law unlike C v . This is because in real bulk material of finite size, boundary scattering can play a significant role at very low temperatures which is not taken into account here. From our data we find that κ l in the temperature range of 1 to 17 K follows the empirical relation,
with α 2.7 × 10 5 , β = 0.9293 and γ = −25.2534. A sharp peak of κ l is seen at temperature 17 K in Fig. 7 which shows the absence of defects and impurities in the sample. Fig. 8 shows the calculated ZT value as a function of temperature. Here we obtained a very high ZT value of 0.08 for undoped ZrRuTe which is much higher than the experimentally reported value for compounds TiCoSb, Zr-CoSb and HfCoSb (0.01, 0.02, and 0.027 respectively) at 973 K 21 . Thus HH ZrRuTe-based compounds can be the potential thermoelectric materials for future reference. 
CONCLUSION
In conclusion, we have made detail first principles calculations of thermoelectric properties of half-Heusler compounds based on ZrRuTe and discussed the results thoroughly. The electron relaxation time τ is estimated rigorously from electron phonon interactions computed by using Wannier wavefunction. We find the lattice thermal conductivity of the undoped compound to have value ∼ 10 Wm −1 K −1 at 800 K which is comparable to the values for some of the known good thermoelectric materials, like XCoSb (X=Ti,Zr,Hf). It is also found to have a high power factor of 1.12 Wm −1 K −2 s −1 . These facts make the system a promising thermoelectric material with a comparatively high figure of merit ZT ∼ 0.08 at 800 K, which is much higher than the values for similar undoped compounds TiCoSb, ZrCoSb and HfCoSb at 973 K. Its doped counterparts are expected to have much higher ZT values making the system a worthwhile candidate for experimental studies.
